Negative feedback between plant and soil microbial communities can be a key determinant of vegetation structure and dynamics. Previous research has shown that negative feedback between black cherry (Prunus serotina) and soil pathogens is strongly distance dependent. Here, we investigate the temporal dynamics of negative feedback. To examine short-term changes, we planted successive cycles of seedlings in the same soil. We found that seedling mortality increased steadily with growth cycle when sterile background soil was inoculated with living field soil but not in controls inoculated with sterilized field soil. To examine long-term changes, we quantified negative feedback across successive growth cycles in soil inoculated with living field soil from a mature forest system (more than 70 years old) versus a younger successional site (ca. 25 years old). In both cases negative feedback developed similarly. Our results suggest that negative feedback can develop very quickly in forest systems, at the spatial scale of a single seedling.
INTRODUCTION
Recent studies have demonstrated the potential for the soil microbial community to regulate plant species diversity (Van der Heijden et al. 1998; Mills & Bever 1998; Bever 2002a) underscoring the links between aboveground and belowground biodiversity (Van der Putten et al. 2001) . Soil micro-organisms exhibit high levels of species and functional diversity (Torsvik & Ovreas 2002 ) and influence plants' nutrient acquisition (Smith & Read 1997) , disease (Burdon 1987 ) and resistance to natural enemies (Whipps 2001) . Soil micro-organisms are, in turn, affected by plant species (Rovira 1965) , resulting in host-plantspecific differences in the soil microbial community in both agricultural ( Johnson et al. 1991; Lemanceau et al. 1995) and natural (Bever et al. 1996 (Bever et al. , 1997 ecosystems.
Species-specific associations between plants and soil microbes can result in feedback dynamics (Bever et al. 1997) . Positive feedback occurs when host-specific changes in the soil microbial community enhance hostplant performance, and negative feedback develops when these changes reduce host-plant performance. The annual rotation of crops in agroecosystems is driven, in part, by a need to reduce losses resulting from the accumulation of host-specific pathogens in the soil, and thus from negative feedback (Bullock 1992; Deboer et al. 1993) . Similarly, several 'replant' diseases in orchards result from the accumulation of a complex of soilborne pathogens (Traquair 1984; Mazzola 1998) . The greater lifespan of woody plant hosts could facilitate pathogen accumulation even more than in annual systems. Replant diseases were typically thought to develop only after many years of association between plant and soil microbial communities (Mai & Abawi 1981) , but recent experiments demonstrate that negative feedback can develop more rapidly (Mazzola 1999) .
Negative feedback also occurs in natural ecosystems (Van der Putten et al. 1993; Bever 1994; Holah & Alexander 1999; Packer & Clay 2000) , affecting both shortlived herbaceous (Bever 1994 ) and long-lived woody plant species (Augspurger 1983 (Augspurger , 1984 Augspurger & Kelly 1984; Streng et al. 1989; Gilbert et al. 1994) . At the community level, negative feedback may cause plant species to be rare within a community (Klironomos 2002) , promote species coexistence ( Janzen 1970; Bever et al. 1997) or drive successional changes in vegetation (Van der Kamp 1991; Van der Putten et al. 1993; Holah et al. 1997) .
These results provide evidence that feedback can occur on short time-scales in annual systems and both short and long time-scales in perennial systems. The effects of plantsoil microbe interactions on individual hosts will vary depending on the temporal development of negative feedback. However, relatively little is known about the rate at which negative feedback develops between plant and soil microbial communities (but see Van der Stoel et al. 2002) . Here, we gauge the temporal dynamics of plant-mediated changes in soil communities by monitoring the performance of host plants that are susceptible to soil-borne pathogens. Previous work demonstrated that, in a mature forest, Prunus serotina (black cherry) seedlings suffered highest mortality and lower growth rates close to conspecific trees as a result of infection by soilborne fungal pathogens (Pythium spp.; Packer & Clay 2000 , 2003 . In this study, we were interested in whether similar feedback dynamics develop at the scale of host seedlings over shorter time frames, as well as at the scale of host trees over successional time. Specifically, this study addressed the following questions.
(i) Do soil pathogens accumulate quickly over short time-scales in response to the presence of a host plant? It is widely accepted that damping-off diseases caused by soil pathogens inflict the greatest damage on young seedlings (Hendrix & Campbell 1973) . If the soil community changes rapidly in response to the presence of a seedling, then effects might be evident in the growth or survival of that particular individual. However, if negative feedback develops slowly, initial cohorts of emerging seedlings may escape soil pathogens, and effects might only be evident in the growth or survival of subsequent seedling cohorts that inhabit the same site. To test the hypothesis that feedback between seedlings and soil microbes develops rapidly, we planted seedlings sequentially in the same soil through four growth cycles (each lasting five weeks) under controlled environmental conditions. By planting additional cycles of seedlings into soil previously occupied by another seedling, we were able to assess the consequences of modification of the soil community on plant survival and growth (Mazzola 1998; Bever 2002b) . If repeated growth cycles have greater negative effects on seedlings in soil inoculated with living field soil than in soil inoculated with sterilized field soil, it would suggest that host plants drive changes in the soil biota over short time-scales (i.e. weeks). (ii) Does the soil community from a mature forest site have greater negative impacts on seedling performance than the soil community from an early successional site? Mature forests will be composed of older trees, which have had more time to influence both biotic and abiotic properties of the surrounding soil. Earlier work on this system (Packer & Clay 2000 , 2003 was conducted in a mature temperate forest (more than 70 years old). Observations of younger successional forest communities often reveal aggregated distributions of black cherry, suggesting that soil pathogens are at lower densities or are less pathogenic in these environments. Environmental variables favourable to damping-off pathogens typically increase as succession proceeds (e.g. soil moisture is typically lower in early successional habitats relative to mature forests with closed canopies) and thus we predict that damping-off of black cherry seedlings will be lower in early successional sites. To test the hypothesis that negative feedback increases during succession, we quantified survival and growth of black cherry seedlings in soil collected beneath black cherry trees from an early successional site (ca. 25 years) and a mature forest (more than 70 years). If sterilization improves seedling survival and/or growth more in soil from a mature forest than from a young successional site, it would suggest that soil pathogens accumulate in response to host plants over longer time-scales (i.e. decades). We also examined the short-term development of feedback in soil from forests of different ages. Specifically, we asked whether the microbial community develops differently in response to successive seedling cycles in soil from an early successional site and a mature forest. If the effect of sterilization differs in the soil from an early versus a mature site over repeated cycles, it would suggest that the soil biota of different-aged sites differ in composition and/or respond differently to host plants over time. 
MATERIAL AND METHODS

(a) Study system
Prunus serotina (black cherry) is a mid-successional tree species found throughout deciduous forests of eastern North America. Black cherry is considered to be relatively intolerant of shade (Auclair & Cottam 1971) . Mature trees typically produce some seed every year and abundant seed crops at 1-5-year intervals (Marquis 1990) . Although black cherry seeds are bird dispersed, many fruits remain uneaten and fall to the ground beneath the maternal tree.
Pythium species are oomycetes that can live either as saprophytes on dead plant and animal matter, or as parasites on plant roots. These common soilborne pathogens, which cause damping-off disease, can affect plants of any age, although damage is greatest during germination and seedling establishment (Martin & Loper 1999) . Pythium species are found in undisturbed soils (Hendrix & Campbell 1973) , as well as in previously cultivated soils (Linde et al. 1994; Zhang & Yang 2000) . When infecting multiple hosts, the severity of symptoms inflicted by the pathogen can be species specific (Westover & Bever 2001) . Pythium population sizes are affected by the species identity of the host plant (Mills & Bever 1998) , and by environmental conditions, which can greatly influence the severity of the infection (Hendrix & Campbell 1973; Martin & Loper 1999) . One Pythium species previously found to cause black cherry seedling mortality is a newly described species, to be named Pythium attrantheridium (A. Lévesque, personal communication; formerly referred to as P1 (Packer & Clay 2000) and P. AP1 (aff. intermedium) (Packer & Clay 2003) ). Pythium heterothallicum, Pythium intermedium and Pythium vexans have also been detected in the roots of black cherry seedlings (A. Packer and A. Lévesque, unpublished data), but we do not know whether these species are also pathogenic to black cherry.
(b) Experimental procedures
Black cherry seeds were collected in July 2001 from approximately 10 trees throughout Bloomington, IN, USA. Seeds were surface sterilized in a 50% solution of commercial bleach (6% sodium hypochlorite) for 15 minutes, and rinsed in tap water for an additional 15 minutes. In November 2001, seeds were stratified at 4°C for approximately three months. Seeds germinated during the stratification period and were removed for use as needed. During the experiment, plants were grown in the laboratory on artificially lighted shelves (12 L : 12 D) where they received 50 ml of water every other day.
The experiment was a 4 × 2 × 2 factorial design (growth cycle × site age × sterilization), with 125 replicates per treatment combination. To examine the effect of the host-plant growth cycle on the biotic soil community, we planted successive seedling cycles (four cycles, each lasting five weeks) in the same soil and monitored seedling survival. Survivors were harvested at the end of the fifth week by clipping the stem at the soil surface. A new cycle of seedlings was planted back into the same soil on the day that plants were harvested. This was repeated for two additional cycles. The cycles were as follows: 7 March-12 April (cycle 1), 12 April-7 May (cycle 2), 7 May-21 June (cycle 3) and 21 June-27 July (cycle 4). At the start of cycles 2-4, seedlings were watered once with a 50 ml full-strength solution of Jack's Professional Fertilizer (20-20-20 NPK (nitrogen, phosphorus and potassium); J. R. Peters, Inc.). There was no linear decline of seedling biomass with growth cycle, indicating that nutrients were not limiting.
To examine the effect of site age on the soil community, we collected soil during March 2002 from an early successional site and a mature forest site in Bloomington, IN. The top 10-20 cm of soil was collected 1-3 m from the base of black cherry trees (five trees per site) located at the Indiana University Research and Teaching Preserve (IURTP) or Winslow Woods Park (WW). Soil was sieved (1 cm screen) and roots were cut into 1-2 cm pieces and returned to the soil. The IURTP site was abandoned from agriculture in the 1970s and is in the early stages of forest succession dominated by flowering dogwood (Cornus florida), Autumn olive (Elaeagnus umbellata), red cedar ( Juniperus virginiana), tulip poplar (Liriodendron tulipifera), staghorn sumac (Rhus typhina) and sassafras (Sassafras albidum), as well a dense herbaceous layer. The mean diameter at breast height (dbh) of the five black cherry trees at the IURTP site was 12.7 cm ± 5.8 s.d. The WW site is old-growth forest dominated by sugar maple (Acer saccharum), shagbark hickory (Carya ovata), tulip poplar, white oak (Quercus alba), red oak (Quercus rubra) and other deciduous tree species. The mean dbh of the five black cherry trees at the WW site was 66.2 cm ± 6.7 s.d.
To examine the effect of the sterilization (removal of the biotic soil community), a portion of field soil collected was autoclaved for 4 hours. Plants were grown in Super Stubby Cell Cone-tainers (capacity 115 cm 3 ; Stuewe & Sons Inc., Corvallis, OR). The base of the cone-tainer was filled with 65 cm 3 sterilized field soil. The middle layer consisted of 30 cm 3 of either the field soil or sterilized soil, and the top layer consisted of 10 cm 3 of sterilized greenhouse soil (see following paragraph). We refer to these two inoculation treatments as field and sterilized soil, respectively. This design ensured that most of the soil in all treatments was sterilized, minimizing any effects of nutrient differences following sterilization (see Troelstra et al. 2001) .
When seedlings from cycles 1-3 were harvested, root systems were left undisturbed in the soil to serve as an inoculum source for subsequent plantings. Leaf weight, leaf number, stem weight and stem height were measured and the aboveground plant biomass was determined. After the final growth cycle, in addition to aboveground parts, roots from the surviving seedlings were harvested and root biomass was determined. Therefore, the root : shoot ratio and total plant biomass were determined for the final cycle only. In addition to the experimental treatments already described, 25 seedlings were planted into a standard greenhouse soil (composted mix of clay loam and Indiana peat with added organic matter, and heated to ca. 90°C in an electric soil sterilizer) for four growth cycles as already described. This allowed us to monitor seasonal effects or variation among seedling cohorts over the course of four growth cycles in the absence of a microbial community at the start of the growth cycle.
(c) Statistical analyses
A logistic regression model (Proc GENMOD, SAS Institute, Inc. 1999) was used to test the effects of growth cycle (1, 2, 3 or 4), site age (IURTP or WW) and sterilization (field or sterilized), as well as all interactions, on seedling survival. When either the main effect of growth cycle or any of the interactions were significant at p Ͻ 0.05, planned contrasts were used to test a priori hypotheses. The aboveground biomass data were rank transformed because the data did not meet the assumptions of normality using traditional transformations (Conover & Iman 1981) . A univariate ANOVA (SPSS 1999) was used to test the effects of growth cycle, site age and sterilization, as well as all interactions, on the aboveground biomass of surviving seedlings.
Proc. R. Soc. Lond. B (2004) Again, planned contrasts were used to compare the main effect of growth cycle and any of the interactions that were significant at p Ͻ 0.05. For the final growth cycle only, separate univariate ANOVAs (SPSS 1999) were used to test for the effects of site age, sterilization and their interaction on root biomass, total biomass and root : shoot ratio. Root biomass and root : shoot ratio were square-root transformed to meet assumptions of normality.
If repeated growth cycles have different effects on seedlings in field soil from those in sterilized soil, we expect a significant interaction between growth cycle and sterilization. If sterilization has a different effect on seedling survival and/or growth in soil from a mature forest than from a young successional site, we expect a significant interaction between site age and sterilization. If the effect of sterilization differs in the soil from an early versus a mature site over repeated cycles, we expect a significant interaction between growth cycle, site age and sterilization.
Separate analyses were conducted for plants grown in sterilized greenhouse soil. Survival was analysed using a logistic regression model (Proc GENMOD, SAS Institute, Inc. 1999) that tested for the effect of growth cycle. A univariate ANOVA (SPSS 1999) was used to test for the effects of cycle on the aboveground biomass of surviving seedlings. If there were seasonal effects on seedling growth, variation among seedling cohorts or gradual nutrient depletion affecting seedling performance, we would expect to see a significant effect of growth cycle in this control treatment.
RESULTS
(a) Do soil pathogens accumulate over short time-scales in response to the presence of a host plant? The interaction between cycle and sterilization had a significant effect on seedling mortality as expected if soil pathogens accumulate in the field, but not sterilized, soil (table 1, figure 1 ). In the sterilized soil, mortality only increased from 44% to 50% between the first and final cycle, while it increased from 25% to 82% in the field soil. There was no significant effect of cycle on mortality in sterilized greenhouse soil (X 2 = 5.02, p = 0.17, d.f. = 3). While overall seedling mortality was relatively high, it was consistent with what has been found in previous studies with this species (Packer & Clay 2000) . There was also a significant effect of the interaction between cycle and sterilization on the aboveground biomass of seedlings. This resulted from the significant differences between the aboveground biomass in sterilized soil and field soil in the second growth cycle (table 1, figure 2). The aboveground biomass in that cycle was significantly higher in sterilized soil than field soil (sterilized: 0.162 g ± 0.005, n = 169; field: 0.132 g ± 0.004, n = 156 (means ± s.e. shown)). By comparison, the aboveground biomass did not change with cycle in the controls (sterilized greenhouse soil) (F 3,51 = 0.71, p = 0.55).
(b) Does the soil community from a mature forest site have greater negative impacts on seedling performance than the soil community from an early successional site? The interaction between site age and sterilization did not significantly affect seedling survival or the aboveground biomass as would be expected if the soil (c) Does the microbial community develop differently in response to the host plant in soil from an early successional site and a mature forest? If the effect of sterilization differs in the soil from a young versus a mature site over repeated cycles, it would suggest that the soil biota of different-aged sites vary in their composition and/or their response to host plants over time. The three-way interaction between cycle, site age and sterilization was significant (table 1). In soil from both IURTP and WW, mortality in the first growth cycle was greater in sterilized soil than field soil (IURTP: X 2 = 13.52, p = 0.002, d.f. = 1; WW: X 2 = 7.52, p = 0.006, d.f. = 1), whereas seedling mortality in the final cycle was greater in field soil than sterilized soil (IURTP: X 2 = 22.97, p Ͻ 0.0001, d.f. = 1; WW: X 2 = 42.54, p Ͻ 0.0001, d.f. = 1). However, the patterns of seedling mortality in the second and third growth cycles differed in soil from the two sites (figure 3), with a more linear increase in mortality at the WW site and a curvilinear pattern (escalating mortality toward the final cycle) at IURTP. The three-way interaction was non-significant for the aboveground biomass.
(d ) What are the independent effects of growth cycle, site age and sterilization on seedling survival and biomass? Growth cycle, site age and sterilization all significantly affected seedling mortality (table 1) . On average, mortality was higher in later growth cycles than initial growth cycles (34%, 34%, 47% and 66% for cycles 1, 2, 3 and 4, respectively), and higher in soil from the young IURTP site than the old-growth WW site (48% and 42%, respectively). Overall, plants grown in field soil experienced higher mortality relative to those grown in sterilized soil (48% and 42%, respectively). The effects of cycle, site age and sterilization on the aboveground biomass, while significant, were smaller than effects on survival (table 1) . There was a 49% difference in mortality between the initial and the final cycle but only a 10% difference in the aboveground biomass between these cycles. The aboveground biomass was 9% higher in sterilized soil than in field soil (sterilized: 0.140 g ± 0.002, n = 570; field: 0.127 g ± 0.002, n = 509), while mortality was 13% higher in field soil compared to sterilized soil. Cycle and site age both significantly affected the aboveground biomass. Overall, the aboveground biomass was higher in the intermediate growth cycles than in the initial and final cycles (cycle 1, 0.111 g ± 0.003, n = 336; cycle 2, 0.148 g ± 0.003, n = 277; cycle 3, 0.151 g ± 0.003; and cycle 4, 0.123 g ± 0.004, n = 185; except for cycles 2 and 3, all cycles differ significantly from each other (p Ͻ 0.0001)), and higher in the soil from WW than IURTP (WW: 0.137 g ± 0.002, n = 570; IURTP: 0.130 g ± 0.003, n = 509). There was no effect of site age, sterilization or their interaction (p Ͼ 0.05; data not shown) on any measures that included belowground biomass (i.e. root : shoot ratio, root biomass or total plant biomass), which were measured only for the final cycle.
DISCUSSION
We investigated the temporal dynamics of negative feedback over short periods of time in response to host seedlings and over longer periods of successional time in response to host trees. Our results suggest that soil pathogens build up rapidly in response to black cherry seedlings and reduce survival. Although survival in the initial growth cycle was higher in field soil than in sterilized soil, this pattern was reversed in subsequent growth cycles. Average mortality increased from 25% to 82% over four growth cycles in field soil, but increased only from 44% to 50% in sterilized soil. By contrast, we did not detect differences in negative feedback over successional time, as seedling Proc. R. Soc. Lond. B (2004) performance was similar in soil from both the mature forest and early successional sites.
The most likely explanation for the increase in seedling mortality over successive growth cycles is that the biotic soil community changed in response to the host plant. Potentially confounding effects of soil sterilization (see Rovira & Bowen 1966; Troelstra et al. 2001) were minimized in our experiment because the field soil treatment consisted primarily of sterilized soil inoculated with field soil, and fertilizer was added at the beginning of each growth cycle to both soil types. Higher mortality in sterilized soil relative to field soil during the first growth cycle may indicate that the effects of eliminating microbial mutualists (such as mycorrhizal fungi) initially outweighed the effects of eliminating pathogens. Although the temporal response to sterilization differed between the early successional and mature forest sites (significant site × sterilization × cycle interaction), examination of figure 2 indicates that the primary source of this difference was the response of seedlings to sterilized soil, and not to field soil. Overall, mortality increased with repeated growth cycles in field soil from both sites. P. attrantheridium was pathogenic to black cherry seedlings in soil from another site (isolate P1 in Packer & Clay 2000) , and it has since been isolated from the old-growth WW site where the soil for this study was collected (A. Packer and A. Lévesque, unpublished data) . These results demonstrate that the balance of positive and negative feedback, as measured by the net effect of sterilization on plant performance, can shift very quickly.
Our results are consistent with prior experiments showing that the presence of a plant can lead to rapid changes in the soil microbial community. For example, in an agricultural system, Mazzola (1999) found that the biomass of apple seedlings decreased when five successive eightweek growth cycles of seedlings were planted into the same soil. In a greenhouse experiment with old-field plant-soil communities, decreased plant biomass in soil previously associated with conspecific plants relative to heterospecific plants (Bever 1994) resulted from differentiation of a homogeneous soil community subjected to only 15 months of growth with different host plants. In a dune ecosystem, marram grass (Ammophila arenaria) growth reduction was correlated with colonization by endoparasitic nematodes that developed within one month of root expansion (Van der Stoel et al. 2002) . In contrast to our study, however, these experiments found that the microbial soil community mainly affected plant growth (but see results for potato dwarf dandelion (Krigia dandelion) in Bever (1994) ), making the ultimate fitness consequences less clear. Survival responses were much stronger than growth responses in our experiment, consistent with previous results from black cherry (Packer & Clay 2000 , 2003 .
These experimental results raise obvious questions concerning the underlying mechanism(s) causing increased mortality in field soil over time. We suggest three possible mechanisms, which are not mutually exclusive. First, increased mortality of black cherry seedlings in later growth cycles could have resulted from increased pathogen inoculum density. Mitchell & Deacon (1986) demonstrated that Pythium spp. specialized on grasses showed 3.2 times more encystment on grass roots than roots of non-host plants 10 minutes after roots were placed in a spore suspension. They suggested that this initial difference, multiplied over 12 seasons or successive cycles within a season, would result in a 1.1 × 10 6 -fold difference because pathogen accumulation in each successive planting is dependent on the previous season or cycle. Second, the virulence of the pathogen may have increased over time. As with serial passage experiments showing microbial evolution (reviewed by Ebert 1998), one or more species of pathogenic fungi in the final growth cycle may have become more virulent than in the first growth cycle. If pathogen virulence is evolving, then seedlings should have reduced performance when inoculated with the isolate from the final cycle relative to the isolate from the initial cycle. For example, after serial passage, the bacteria Azotobacter chroococcum, isolated from barley seed and used to inoculate barley seedlings, showed improved growth on barley roots when returned to competition with other soil micro-organisms (Vancura 1959 , cited in Rovira 1965 . A third possible mechanism is that the composition of the microbial community changed over time. The decreased growth of apple seedlings with successive planting cycles corresponded to shifts in microbial community composition (Mazzola 1999) . Fungi in the genera Phytophthora, Pythium and Rhizoctonia were more frequently isolated in later cycles, and Trichoderma spp. were isolated less frequently in later cycles. Trichoderma can be a pathogen antagonist and therefore changes in their population size may reflect shifts in the balance between pathogens and their antagonists over time.
The mechanisms underlying host-plant-mediated changes in the soil microbial community are not fully understood, but they may frequently derive from the release of species-or genotype-specific plant exudates into the rhizosphere (Chen et al. 1988; Deacon & Donaldson 1993) . Regardless of the mechanism of differentiation, in the absence of soil mutualists, we expect negative feedback to increase with plant age as older plants have had more time to influence their microbial soil communities. For example, apple seedling growth was similar in non-cultivated soil and soil from an orchard in cultivation for 1 year, but declined in field soil (but not in sterilized soil) collected beneath apple trees in 2, 3, 4 and 5-year-old orchards (Mazzola 1999) . In natural communities, maximum tree age generally increases with succession. Consistent with this idea, birch seedlings regenerate poorly in mature birch forests (Tansley 1965 cited in Gibson et al. 1988 . Microwave treatment of soil from two young birch stands increased the aboveground biomass of birch seedlings 1.9-2.9-fold, while microwave treatment of soil from two old birch stands increased the aboveground biomass 8-11.4-fold (Gibson et al. 1988) .
One of our initial goals was to determine whether soil pathogens more strongly regulate the spatial distribution of black cherry trees in mature versus successional forest sites. Because environmental variables typically vary with succession (Mallik & Rice 1966) and the epidemiology of Pythium is largely mediated by abiotic environmental factors (Martin & Loper 1999 and references cited therein), we predicted that damping-off should increase with succession because soil moisture and light levels should become more favourable for Pythium. Environmental conditions in early successional habitats may affect the Proc. R. Soc. Lond. B (2004) plant-pathogen interactions by inhibiting pathogen growth and/or by increasing the tolerance of seedlings to infection. Alternatively, pathogen propagules may require time to disperse to disturbed sites, making them more common in later successional stages.
In this experiment, we did not observe greater negative feedback in soil collected beneath black cherry trees at the mature WW site relative to the younger IURTP site. Further exploration of a broader range of successional stages could prove interesting. If soil pathogens were absent in soil at younger sites, we would not have expected a positive effect of sterilization on seedling survival. Furthermore, we would not have expected an increasingly negative effect of the soil community with repeated growth cycles. By contrast, if soil pathogens were present in early successional sites but ineffective in the field owing to environmental conditions (i.e. higher soil temperatures, lower soil moisture), we would have expected similar seedling responses to soil biota from both early and mature successional sites when grown under uniform environmental conditions. Our results support the hypothesis that soil pathogens were already present in a younger successional community, where the canopy was relatively open and black cherry trees were ca. 5-10 cm dbh. We do not know how soon during the course of succession pathogens colonize black cherry trees, or whether this depends on the previous history of the site.
The results presented here provide evidence that just a single seedling can rapidly modify the soil microbial community, potentially reducing the fitness of seedlings germinating nearby either within a single growing season or across multiple growing seasons. In early successional communities, the local build-up of soil pathogens in the root zones of host trees is likely to be on a much smaller spatial scale owing to the smaller size of host plants. Thus, seedlings may survive closer to trees at young sites than mature sites. Even if a far higher density of seedlings occurred at younger sites, their area of influence on the soil community is likely to be more restricted owing to their smaller root systems. As a result, there would be many more 'safe sites' for seedling establishment in younger successional sites and these sites would be in closer proximity to established seedlings and saplings. By contrast, in older sites with mature black cherry trees, individual root zones are more extensive and should exert greater influence on the soil community over larger spatial scales. There would be far fewer pathogen-free safe sites for seedling establishment and safe sites would be more distant from already established trees. An important question for the future is whether the results with black cherry apply to other temperate forest trees.
